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1. INTRODUCTION {#cas14319-sec-0001}
===============

Over the years it has been established that the accumulation of genetic and epigenetic alterations contribute significantly to cancer progression. The extensive sequencing efforts and subsequent computational methods have led to the discovery of several cancer‐associated driver genes. However, most studies seem to agree that the cancer genome is not limited to single deletions, mutations, or chromosomal rearrangements but reflects the cumulative impact of multiple dysregulated pathways. Although tremendous progress has been made to define the cancer genome, the significance of cancer‐associated genes in the genomic neighborhood of clinically relevant genes has not been discussed in detail yet. Given the frequent involvement of (the short arm of) chromosome 3 in multiple human cancers,[1](#cas14319-bib-0001){ref-type="ref"}, [2](#cas14319-bib-0002){ref-type="ref"}, [3](#cas14319-bib-0003){ref-type="ref"} it has been proposed that some regions could harbor multiple tumor suppressor genes.[4](#cas14319-bib-0004){ref-type="ref"}, [5](#cas14319-bib-0005){ref-type="ref"} The contribution of monosomy 3 in uveal melanoma (UM), the most frequent primary intraocular tumor in Caucasian adults, was recognized nearly three decades ago and represents, along with other factors, a predictive factor for the development of systemic metastasis (reviewed in Sharma et al).[6](#cas14319-bib-0006){ref-type="ref"}, [7](#cas14319-bib-0007){ref-type="ref"}, [8](#cas14319-bib-0008){ref-type="ref"} Interestingly, *BAP1* (BRCA1‐associated protein 1) is frequently mutated in metastatic UM, but also plays a significant role in pleural mesothelioma, lung adenocarcinoma, and renal cell carcinoma.[8](#cas14319-bib-0008){ref-type="ref"} Apart from *BAP1*,[9](#cas14319-bib-0009){ref-type="ref"}, [10](#cas14319-bib-0010){ref-type="ref"}, [11](#cas14319-bib-0011){ref-type="ref"}, [12](#cas14319-bib-0012){ref-type="ref"} other genes at chromosome 3, such as *PBRM1*, *SETD2* (renal cell carcinoma),[13](#cas14319-bib-0013){ref-type="ref"} *ADAMTS9* (esophageal squamous cell carcinoma),[14](#cas14319-bib-0014){ref-type="ref"} *SOX2*, *ECT2*, *PRKCI*, *PIK3CA* (lung squamous cell carcinoma),[15](#cas14319-bib-0015){ref-type="ref"} and *ROBO1* (breast cancer and colorectal cancer)[16](#cas14319-bib-0016){ref-type="ref"}, [17](#cas14319-bib-0017){ref-type="ref"} show genetic alterations in cancer.

Considering the contribution of chromosome 3 in multiple types of cancer, herein, we investigated all known cancer‐associated genes on this particular chromosome. We provide insights about the repetitive elements surrounding their promoter regions and defined the evolutionary and clinical aspect of the hotspot region that was identified in the vicinity of the *BAP1* locus.

2. MATERIAL AND METHODS {#cas14319-sec-0002}
=======================

The information with regard to cancer genes was retrieved from a publically available database (<http://www.cancer-genetics.org>). The selection criteria were based on the information of known mutation types (somatic/germline) and the methylation status while deletions and translocations were excluded. Based on the number of citations supporting each gene from the database (<http://bionlp.bcgsc.ca/cancermine/>), we could identify few genes as driver genes (n = 6), oncogenes (n = 27), and tumor suppressor genes (n = 22). To generate significant pathways the web tool Metascape was applied. Human 3D chromatin interaction data were downloaded from 4Dgenome, (<https://4dgenome.research.chop.edu/Tables/4DGenome_HomoSapiens_hg19.txt>). Briefly, the number of chromatin interactions linked between genes were counted and plotted with tool circos. In the plot, line color darkness is proportional to the number of interactions.

Repetitive sequence analysis was undertaken as previously shown.[18](#cas14319-bib-0018){ref-type="ref"} Repeats were functionally analyzed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes databases. The detailed analysis of repetitive sequences is provided in Table [S1](#cas14319-sup-0003){ref-type="supplementary-material"}. The information regarding noncoding genes and their tissue specificity was checked from a publically available database (<http://www.noncode.org>).

Orthologous loci of 5 primate species (chimpanzee, *Pan troglodytes*, panTro5; gorilla, *Gorilla gorilla*, gorGor4; orangutan, *Pongo abelii*, ponAbe2; rhesus macaque, *Macaca mulatta*, rheMac8; and baboon, *Papio anubis*, papAnu4) were extracted using R version 3.6.0 and the R package biomaRt (version 3.9) based on the human coordinates (version hg38).[19](#cas14319-bib-0019){ref-type="ref"}, [20](#cas14319-bib-0020){ref-type="ref"} The genome of the gibbon (*Nomascus leucogenys*) was excluded due to considerable chromosomal rearrangements within the family of the *Hylobatidae*, whereas other primates were not considered due to the missing chromosomal classifications of the contigs and scaffolds. After the extraction of the orthologous genes, missing loci were reanalyzed using liftOver of the kent source tree (UCSC -- University of California, Santa Cruz; <http://genome.ucsc.edu/>.[21](#cas14319-bib-0021){ref-type="ref"}, [22](#cas14319-bib-0022){ref-type="ref"} Graphical representation of the orthologous genes was generated using Circos[23](#cas14319-bib-0023){ref-type="ref"} and the figures were created with the genoPlotR package, based on the biomaRt results.[24](#cas14319-bib-0024){ref-type="ref"} Gene Order Conservation (GOC) scores between human and all other analyzed primates were extracted using bioMart.[25](#cas14319-bib-0025){ref-type="ref"} Only those genes showing scores within all human/primate comparisons were considered for the subsequent percentage calculation (in sum, 23 788 orthologous genes pairs). Of these genes, only those showing a GOC score ≥ 25 were considered to be located within a syntenic block and used to calculate the percentage of orthologous genes between human. Genes with GOC score \< 25 in at least 4 human/primate comparisons were further checked for an overrepresentation enrichment analysis against the disease database provided by WebGestalt 2017 (<http://www.webgestalt.org>). As reference set, the whole human genome was used.

3. RESULTS {#cas14319-sec-0003}
==========

3.1. Chromatin interaction network in 3D nuclear genome {#cas14319-sec-0004}
-------------------------------------------------------

Our database search resulted in the identification of 130 cancer‐associated genes dispersed over chromosome 3 (Figure [1](#cas14319-fig-0001){ref-type="fig"}A and Table [S1](#cas14319-sup-0003){ref-type="supplementary-material"}). The experimentally determined dataset showed an extensive interaction network between these genes, which suggests that these genes might transcribe synchronously (Figure [1](#cas14319-fig-0001){ref-type="fig"}B). Specifically, genes such as *RASSF1*, *SEMA3F*, *NPRL2*, *HYAL1*/2, *GNAI2*, and *TUSC2* showed extensive chromatin interactions (Figure [1](#cas14319-fig-0001){ref-type="fig"}B). These genes were found to be located together in genomic hotspot region 2 of chromosome 3 (introduced below). However, the majority of other cancer‐related genes showed weaker chromatin interactions, suggesting a mutual control of epigenetic regulation. The enrichment analysis for all cancer genes revealed a significant involvement of pathways related to tumorigenesis, cancer development, and cancer metastasis, which is expected considering their direct role in cancers (Figure [1](#cas14319-fig-0001){ref-type="fig"}C).

![Cancer gene landscape at chromosome 3 and chromatin interactions. A, Cancer gene landscape at chromosomes 3. The hotspot region is marked (orange) and the *BAP1* gene is indicated (arrow). B, 3D chromatin interaction network of the cancer genes is illustrated by line color darkness that is proportional to the number of interaction links. C, Visualization of the pathway‐based enrichment analysis for cancer genes](CAS-111-1385-g001){#cas14319-fig-0001}

3.2. Configuration of repetitive elements surrounding genes {#cas14319-sec-0005}
-----------------------------------------------------------

We identified specific repeats and configurations in the promotor regions of cancer‐associated genes on chromosome 3 (Figure [2](#cas14319-fig-0002){ref-type="fig"}A and Table [S2](#cas14319-sup-0004){ref-type="supplementary-material"}). Among them, 63 of 124 analyzed genes showed at least 2 repetitive types of elements in the promoter while 32 genes showed single/unique repetitive elements. We also identified 29 genes that lacked any kind of repeat sequence (Figure [2](#cas14319-fig-0002){ref-type="fig"}B). We investigated the genes without repeats with GO categories and found that 3 genes (*CTNNB1*, *PIK3CA*, and MLH1) were highly coassociated with "cancer", whereas genes like *SEMA3B*, *ROBO1*, and *EPHA3* were significantly coassociated with "axon development" (Figure [2](#cas14319-fig-0002){ref-type="fig"}C and Table [S2](#cas14319-sup-0004){ref-type="supplementary-material"}). Likewise, the analysis of the genes with repeats in the promoter showed an association not only with cancer‐associated pathways but also with the categories of metabolism, development, and immune system pathways (Figure [2](#cas14319-fig-0002){ref-type="fig"}D). Briefly, this analysis indicates that, although these genes harbor cancer potential, the repetitive sequences around their promoter might influence their role in other significant pathways that are not necessarily associated with cancer.

![Analysis of repetitive elements in the promoter of cancer genes. A, Types of repetitive elements in the promoter and their number in cancer genes. Red bar indicates the number of genes without repeats. B, Number of different types of repeats in the promoter in relation to the number of affected cancer genes. C, Significant coassociation among the cancer‐related genes without repeats in the promoter is shown. D, Functional analysis of cancer‐related genes using Kyoto Encyclopedia of Genes and Genomes (KEGG) categories (red line, highly related categories; blue line, weakly related categories). E, Heatmap of KEGG categories for cancer‐related genes in relation to the repeat configurations in the promoter](CAS-111-1385-g002){#cas14319-fig-0002}

3.3. Characterization of hotspot regions and associated long noncoding RNAs {#cas14319-sec-0006}
---------------------------------------------------------------------------

We identified chromosomal region 3p21‐3p21.31 as a hotspot for cancer‐related genes, including *BAP1*. Based on the information from respective databases, the genes located in the hotspot region of chromosome 3 were apparently found to be associated with 27 (out of 72 identified) different types of cancer (Figure [3](#cas14319-fig-0003){ref-type="fig"}A). Interestingly, most of the genes were found to be involved in the regulation of breast and lung cancer. Based on the genomic distances between them, we could further define 3 subgroups within this major hotspot region. Interestingly, most of the genes (9/10) from hotspot region 2 showed high protein‐protein interaction affinity in the STRING analysis (Figure [S1](#cas14319-sup-0001){ref-type="supplementary-material"}). As mentioned above, this region contains the genes *RASSF1*, *SEMA3F*, *NPRL2*, *HYAL1*/2, *GNAI2*, and *TUSC2*, which showed extensive chromatin interactions. With regard to hotspot 3, the three chromatin regulators BAP1 (histone deubiquitinating enzyme), SETD1 (methyltransferase for H3K36me3), and PBRM1 (subunit of the SWI/SNF chromatin remodeling complex) also showed closed interactions in the STRING analysis (Figure [S1](#cas14319-sup-0001){ref-type="supplementary-material"}). We further investigated and localized several long noncoding RNAs (lncRNA) in this hotspot region (Figure [3](#cas14319-fig-0003){ref-type="fig"}B and Table [S3](#cas14319-sup-0005){ref-type="supplementary-material"}). However, their potential role to modulate the activity of these genes is unclear.

![Hotspot regions and orthologues in closer primates. A, Cancer genes located in the hotspot region of chromosome 3 and their association with different types of cancer. The *BAP1* gene (red) and 2 other associated genes (*PBRM1* and *SETD2*) are also marked (brown). B, Genomic position of the long noncoding RNAs in the vicinity of genes located in hotspot region 3 is indicated. Only cancer‐associated genes are shown in the illustration drawn according to UCHC/hg18. C, Comparison of cancer‐related genes on human chromosome 3 with closer primates (chimpanzee, gorilla, orangutan, baboon, and Rhesus macaque) is shown. The inversion near to the *BAP1* region in lower hominoids can be seen](CAS-111-1385-g003){#cas14319-fig-0003}

3.4. Orthologues in closer primates and inversions near to BAP1 {#cas14319-sec-0007}
---------------------------------------------------------------

The investigations about the evolutionary spectrum of these cancer‐associated genes revealed orthologues in closer primates such as chimpanzee, gorilla, orangutan, rhesus macaque, and baboon (Figures [3](#cas14319-fig-0003){ref-type="fig"}C and [S2](#cas14319-sup-0002){ref-type="supplementary-material"}, Table [S4](#cas14319-sup-0006){ref-type="supplementary-material"}). Although orthologous genes revealed a shared synteny, we observed inversions in the vicinity of hotspot regions in lower hominoids (Figure [3](#cas14319-fig-0003){ref-type="fig"}C). Specifically, some genes on hotspot region 1 (*CCR1* and *CCR3*) in chimpanzee and gorilla were found to be inverted in comparison to the human. In addition, the *CCK* gene in gorilla was found at another chromosome. In baboons, 7 of these cancer‐related genes were found to be located at another chromosome (chr11). In orangutan, all genes were at the same chromosome, but blocks of them did not share the same order as in human (also described in Tsend‐Ayush et al[26](#cas14319-bib-0026){ref-type="ref"}). Importantly, BAP1 was found within a bigger block, which was found to be disturbed by the integration of 4 cancer‐related genes (*CDCP1*,*CD86*,*CDC25A*, and *CCR3)* (Figures [3](#cas14319-fig-0003){ref-type="fig"}C and [S2](#cas14319-sup-0002){ref-type="supplementary-material"}). Rhesus macaque and baboon also showed inversions and rearrangements for these genes; moreover, their variations were comparable due to their phylogenetic relationship.

A shared synteny is a sign of shared gene order, which also codes for the positional orthology in different species.[27](#cas14319-bib-0027){ref-type="ref"} Herein, we used the GOC scores provided by Ensembl (<http://www.ensembl.org>), which were calculated based on the available pairwise whole‐genome alignments to compute the percentage of genes lying in synteny blocks between human and primates. The GOC score indicates how many of the 4 closest neighboring genes shows orthologs compared to another species (<https://www.ensembl.org/info/genome/compara/Ortholog_qc_manual.html>). In our analysis, we found all percentages lying in a similar range among human and primate species with approximately 10% of orthologous genes showing no synteny in at least one human‐primate comparison (Table [S5](#cas14319-sup-0007){ref-type="supplementary-material"}). To determine how often carcinoma diseases correlate with evolutionary disrupted synteny blocks, we further investigated all those genes (showing no synteny in at least 4 human/primate comparisons) for enrichment analysis (<http://www.webgestalt.org>). We identified 4 cancer‐related enriched disease pathways in the top significant hits (Table [S6](#cas14319-sup-0008){ref-type="supplementary-material"}). Hence, we could speculate that the disruption of synteny could play a role in the development of cancer.

4. DISCUSSION {#cas14319-sec-0008}
=============

The alteration of gene expression levels in sex chromosomal aneuploidies has previously been determined.[28](#cas14319-bib-0028){ref-type="ref"} Likewise, in autosomes, the complete/partial loss of chromosome 3 (such as in UM and the 3p deletion syndrome) might also reflect a similar response to gene dosage. In other words, a lower dosage of the chromosome 3‐associated 1085 protein coding genes can be assumed in UM under monosomy 3 conditions. The importance of monosomy 3 in UM pathogenesis is also emphasized by the observation that patients with a BAP1 tumor predisposition syndrome who have a high risk to develop several types of cancer, show typically in addition to the germline BAP1 mutation a loss of 1 copy of chromosome 3 in UM.[29](#cas14319-bib-0029){ref-type="ref"}, [30](#cas14319-bib-0030){ref-type="ref"} To understand the impact of this genomic imbalance, we first investigated the genomic location of 130 cancer‐associated genes at chromosome 3. As the chromosomes are spatially distributed in a nonrandom manner, we also checked the spatial positioning patterns of these genes based on 3D genome organization studies.[31](#cas14319-bib-0031){ref-type="ref"} The analysis showed a chromatin interaction network between these genes.

Next, we checked the prevalence of repetitive DNA sequence "repeats" in their promotor regions of these genes. Interestingly, the genes with repeats like *MIR*,*hAT*,*ERVL*,*LINE/L2*,*simple repeat*, and*low complexity repeats* showed a more precise association to cancer‐related pathways than *SINE/Alu* and *LINE/L1* repeats. Hence, the differentially identified signature of repetitive sequences suggests a shared and unique molecular feature associated with repetitive elements and the cancer genome. The prevalence of repetitive sequences in the functional parts of genomes and their association with human diseases remains undisputed.[8](#cas14319-bib-0008){ref-type="ref"}, [32](#cas14319-bib-0032){ref-type="ref"}, [33](#cas14319-bib-0033){ref-type="ref"} Whether the absence of these repeats in monosomy of chromosome 3 in UM tumors or the 3p deletion syndrome is compensated by additional factors or alternative genomic regions needs further elucidation. Whether the loss of other constituents, such as microRNAs (miRNAs) or lncRNAs, at chromosome 3 also affects the chromatin conformation, which could in turn contribute to or against the cancer development, is yet to be determined.

In our analysis, we highlighted the chromosomal region 3p21‐3p21.31 as a hotspot for cancer‐related genes, which appears to be involved in 27 different types of cancer. Based on the genomic distances between them, we could further define 3 subgroups within this major hotspot region. Interestingly, hotspot region 2 showed a high protein‐protein interaction affinity and extensive chromatin interactions. Previously, 1 study using breast cancer cell lines discussed the potential involvement of epigenetic repression for the downregulation of a few genes located in this hotspot region,[34](#cas14319-bib-0034){ref-type="ref"} hence indicating the possibility of peculiar genome organization around these genes. However, no partial deletion covering the entire hotspot region has been reported to date. Our analysis also suggests that chromatin organization in this hotspot region could play an important role explaining why some genomic sites are prone to get more frequent mutations. This is also evident from the clinical spectrum as *BAP1* is the only gene of the hotspot region that is known to be mutated in UM, whereas genes such as *BAP1*,*PBRM1*, and *SETD2* are frequently involved in renal cell carcinoma. Recently, we showed the altered expression of the *BAP1* gene in 29 cancer types.[35](#cas14319-bib-0035){ref-type="ref"} In addition, we showed that C‐terminal *BAP1* mutations have a stronger intrinsic control to regulate the miRNA network and the binding of subsequent protein complexes.

In the current study, we also investigated the genomic characteristic of these cancer‐associated genes in closer primates (chimpanzee, gorilla, orangutan, rhesus macaque, and baboon) and observed a shared synteny (ie preserved distribution of genes on chromosomes of different species). Interestingly, inversions in the vicinity of the hotspot region in lower hominoids were also found. Apart from this, some genes were also found to be duplicated during evolution, as previously described.[35](#cas14319-bib-0035){ref-type="ref"} Due to widespread genomic rearrangements within the genome of gibbons,[36](#cas14319-bib-0036){ref-type="ref"} it was cautiously not incorporated into this study. Overall, these results indicate that these genes are always clustered together in closer primates. Although inversions happened in lower hominoids (orangutan, baboon, and rhesus), the genetic closeness remained intact from gorilla and chimpanzee up to humans. Whether these genes are also organized at the same chromosome in distant primates and why speciation did not distribute them on different chromosomes in closer primates need further investigation. Importantly, how the closer primates are protected from cancer, despite having such potentially active orthologue genes as in humans, paves the way for further scientific discussion.

Taken together, we could show that the cancer‐associated genes on chromosome 3 are enriched with repetitive elements and show strong intrachromosomal chromatin interactions. The genomic hotspot in the vicinity of the *BAP1* locus appears to be involved in multiple cancers. Cross‐species comparison revealed a shared synteny of these genes and inversions near the hotspot region in closer primates. These results support the hypothesis that UM in particular (but also other types of cancer) is affected by important clinical and molecular consequences due to monosomy of chromosome 3.
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